ABSTRACT: Protein tyrosine phosphatase 1B (PTP1B) is a known regulator of the insulin and leptin signaling pathways and is an active target for the design of inhibitors for the treatment of type II diabetes and obesity. Recently, cichoric acid (CHA) and chlorogenic acid (CGA) were predicted by docking methods to be allosteric inhibitors that bind distal to the active site. However, using a combination of steady-state inhibition kinetics, solution nuclear magnetic resonance experiments, and molecular dynamics simulations, we show that CHA is a competitive inhibitor that binds in the active site of PTP1B. CGA, while a noncompetitive inhibitor, binds in the second aryl phosphate binding site, rather than the predicted benzfuran binding pocket. The molecular dynamics simulations of the apo enzyme and cysteine−phosphoryl intermediate states with and without bound CGA suggest CGA binding inhibits PTP1B by altering hydrogen bonding patterns at the active site. This study provides a mechanistic understanding of the allosteric inhibition of PTP1B. P rotein tyrosine phosphatases (PTPs) play an important role in maintaining cellular health by regulating phosphotyrosine (pY) levels. Disruption of normal catalytic activity results in a myriad of diseases, including diabetes, cancer, inflammation, and obesity.
P rotein tyrosine phosphatases (PTPs) play an important role in maintaining cellular health by regulating phosphotyrosine (pY) levels. Disruption of normal catalytic activity results in a myriad of diseases, including diabetes, cancer, inflammation, and obesity. 1−3 There are more than 100 known human PTPs, 4 all of which share similar threedimensional structures despite varying degrees of sequence identity. 5 The hallmark of a PTP is the P-loop consensus sequence, C(X) 5 RS/T, which is essential for phosphotyrosine binding and catalysis. 3, 5 Specifically, the arginine residue in the P loop aids binding of the substrate by forming hydrogen bonds with the phosphoryl oxygen atoms, while the cysteine is responsible for nucleophilic attack of the phosphoryl moiety to form a thiophosphoryl bond in the first step of catalysis. A conserved aspartic acid located on the flexible acid (or so-called WPD) loop protonates the tyrosine leaving group. The thiophosphoryl intermediate is hydrolyzed in a subsequent step by a water molecule activated by a second proton transfer involving the same aspartate in the acid loop. Both reaction steps require a flexible acid loop capable of adopting an open conformation to allow substrate binding and a closed conformation that facilitates cleavage and hydrolysis. 5−10 One member of the PTP family is protein tyrosine phosphatase 1B (PTP1B), which plays an important role in insulin and leptin signaling. In insulin signaling, PTP1B is known to dephosphorylate the activated insulin receptor and insulin receptor substrates to attenuate the cellular response to insulin binding. 11−14 In the leptin signaling pathway, PTP1B dephosphorylates Janus kinase 2, which is normally phosphorylated in response to leptin binding to the leptin receptor to trigger a feeling of satiety. 15, 16 Mice with PTP1B gene knockouts have enhanced insulin sensitivity and low body weight, even when fed a high-fat diet. 17 For these reasons, PTP1B has become an active therapeutic target for the treatment of type II diabetes and obesity.
While PTP1B inhibitors with nanomolar affinity have been identified, no ligands have progressed beyond phase II clinical trials. 1, 18 Therapeutics that function as competitive inhibitors are hindered by the need for anionic charge, as evidenced by the fact that tyrosine-containing substrates have little affinity for PTP1B unless they are phosphorylated. 19, 20 Unfortunately, this negative charge reduces cell permeability and targets the activesite region of PTP1B, a region with the highest degree of similarity to other known PTPs, resulting in diminished selectivity. 18 Conversely, a study of 22 representative PTPs has shown that the remaining surface of PTP1B has diverse features, despite a shared three-dimensional architecture. 5 This suggests that the greatest promise for the design of selective, cell-permeable therapeutics targeting PTP1B exists for noncompetitive inhibitors that bind outside the enzyme active site. To this end, Wiesmann and co-workers identified a series of benzfuran-based ligands that allosterically inhibit PTP1B by binding distal to the active site near the C-terminal tail. 21 The resulting crystal structure in the presence of one of these analogues revealed the acid loop in the open conformation, suggesting a potential mechanism for allosteric inhibition is the inhibition of acid-loop closure. 21 Krishnan et al. characterized binding of a distinct inhibitor (MSI-1436), which bound to the disordered PTP1B C-terminal tail as well as α-7 and showed some overlap with the benzfuran binding site. 22 Recently, Baskaran and co-workers utilized docking and molecular dynamics simulations to predict that cichoric acid (CHA) and chlorogenic acid (CGA) bind in the same location as the benzfuran analogues and inhibit PTP1B by altering acid-loop dynamics, suggesting the benzfuran pocket may be a target with broad utility for the design of potential therapeutics. 23 In this study, we have combined computational and experimental methods to investigate the mechanism by which CHA and CGA inhibit PTP1B. Through the use of inhibition kinetics, nuclear magnetic resonance (NMR) titrations, and extensive molecular dynamics simulations, we have determined that the binding modes and functions of these ligands are distinctly different from those of the benzfuran analogues. In addition, we provide structural information about the ligandbound complexes through the aid of docking simulations using restraints from the NMR ligand titrations that further support distinct modes of action. . Kinetic parameters were determined by fitting the reaction rates to different inhibition models as a function of the inhibitor and pNPP concentrations using GraphPad Prism version 6.0d. The total reaction volume in all cases was 500 μL, and the temperature was maintained at 25°C using a water-regulated cuvette holder. The reaction was initiated by adding 10 μL of ∼25 μM protein for a final concentration of ∼0.5 μM PTP1B. The concentration of CGA was varied from 0.0 to 6.6 mM by adding 100 μL of serially diluted CGA in NMR buffer. The concentration of CGA was confirmed using the molar absorbance at 332 nm in ethanol (20030 M −1 cm −1 ). 25 The concentration of CHA was determined gravimetrically and varied from 0.0 to 4.0 mM by adding 50 μL of serially diluted CHA in NMR buffer.
Lineweaver−Burke plots (not shown) of CHA inhibition intersected on the y-axis consistent with competitive inhibition. Therefore, these data were fit with eq 1. CGA inhibition kinetics were fit to a noncompetitive (eq 2) inhibition model.
(1)
where v is the measured enzyme-catalyzed reaction rate (velocity 
where δ HN and δ N are the changes in amide proton and nitrogen chemical shifts, respectively, from the initial resonance positions in the absence of any added ligand. 28 Residues exhibiting Δδ values greater than twice the standard deviation of the 10% trimmed mean value (2σ) were classified as significant chemical shifts for further analysis. These shifts were fit globally to eq 4 to obtain the apparent dissociation constant (K d ) for CGA or CHA binding. 
where Δδ max is the maximal chemical shift observed for each residue and X is the CHA:PTP1B or CGA:PTP1B ratio at each titration point. HADDOCK Inhibitor Docking. Molecular structures for CHA and CGA were optimized using ab initio Hartree−Fock energy minimizations with a 3-21G* basis set in Spartan'14. 29 These ligands were docked into apo PTP1B [Protein Data Bank (PDB) entry 2HNP] 6 using the HADDOCK2.2 web portal. 30, 31 Solvent accessible residues that experience significant chemical shifts upon addition of an inhibitor were selected as "active residues" for the docking simulations. Passive residues were selected automatically by the program. For CHA, the following active residues were utilized: R45, S118, L119, G183, V184, C215, G218, Q262, T263, A264, D265, and Q266. For CGA, the following active residues were utilized: R24, H25, D48, V49, I219, M258, G259, and Q262.
Molecular Dynamics Simulations. Molecular dynamics (MD) simulations were performed using the AMBER-ff14SB force field as implemented in the NAMD software package. 32 To determine the binding sites of CHA and CGA, the crystal structure of apo PTP1B (PDB entry 2HNP) was used as the initial structure. 6 Evidence that CGA acts as a noncompetitive inhibitor (discussed below) suggests that CGA further slows the rate-limiting step of catalysis (i.e., the hydrolysis of the thiophosphoryl intermediate). To understand the effect of CGA on this second catalytic step, the crystal structure of PTP1B with a vanadate intermediate (PDB entry 3i80) was used as the initial structure for MD simulations. 33 In the simulations, a phosphoserine residue was used to model the phosphocysteine intermediate, and for both apo and CGAbound PTP1B simulations, residue Csv215 was replaced with Sep. Importantly, the vanadate−cysteine complex has a vanadate oxygen (O4) that is coordinated by Q262 and D181, which may represent the position of the water molecule necessary for hydrolysis. The coordinated vanadate oxygen (O4) was replaced with a water residue (HOH) to maintain the natural orientation of residues in the initial structure.
Two independent trajectories were analyzed for each of the following five systems: apo PTP1B (2HNP), CHA-bound, CGA-bound, the apo thiophosphoryl intermediate, and CGA bound to the thiophosphoryl intermediate (3i80). In all simulations with CHA or CGA bound, an optimal docked pose was used as the initial position for each ligand. Force field parameters for each ligand are provided in the Supporting Information, as determined from the generalized AMBER force field (GAFF). The protein was capped using the zwitterionic N-terminus and C-terminus. Hydrogens and approximately 13000 TIP3P water molecules were added to each system using the AmberTools15 software package. 34 Each system was equilibrated in the NPT ensemble prior to production runs. First, the positions of hydrogen atoms and water molecules were optimized while the protein and ligand heavy atom positions were constrained to their respective crystal structure or docked-pose positions. Next, the systems were slowly heated to 298 K in the NVT ensemble using Langevin dynamics. During the initial heating steps, harmonic constraints were applied to the protein and ligand heavy atoms and gradually released with an increasing temperature. Finally, the systems were equilibrated in the NPT ensemble at 298 K and 1.0 atm using the Langevin piston. Long-range electrostatic interactions were taken into account using the particle mesh Ewald method, and van der Waals interactions were calculated using a switching distance of 10.0 Å and a cutoff of 12.0 Å. The integration time step was 1 fs. The duration of production runs following equilibration was 50 ns for calculations of binding positions. The duration of production runs following equilibration was 20 ns for calculations to determine the effect of CGA on conformational dynamics in the phosphoryl intermediate configuration. 35 Analysis of MD simulations, including characterization of binding-site hydrogen bonds and hydrophobic contacts, was conducted using the VMD software package in combination with in-house scripts. 36 Hydrogen bonds during the trajectory were determined using the VMD HBonds Plugin, with the usual cutoff values of 3.0 Å between heavy atoms and a <20°b ond angle. Pearson correlation coefficients for the number of unique hydrogen bonds formed for each residue at each picosecond frame of the trajectories were calculated to understand changes in hydrogen bond networks due to ligand binding. Changes in hydrogen bond networks upon ligand binding were determined (1) by the number of hydrogen bonds formed between unique atom pairs and (2) by the correlation between the number of unique hydrogen bonds formed per picosecond for each residue.
Chemical shifts were calculated using SHIFTX2. 37 For apo, CHA-bound, and CGA-bound systems, amide N and H chemical shifts were calculated for the protein at each picosecond of the trajectory and averaged over both independent trajectories. The composite amide chemical shifts were determined according to eq 3. Chemical shift perturbations (Δδ) were calculated by taking the difference between the average ligand-bound and apo composite amide chemical shift for each residue. The normalized deviations from the mean composite chemical shift perturbation were calculated according to eq 5 to highlight the residues that experience significant perturbations.
■ RESULTS PTP1B Inhibition Assay. PTP1B inhibition kinetics were measured for the ligands CHA and CGA. Profiles for the catalyzed reaction rate versus the pNPP (substrate) concentration are shown in Figure 1 . Both CHA and CGA are weak binding inhibitors. Fitting with the competitive inhibition equation (eq 1) to the experimental data for CHA yielded the following kinetic parameters: k cat = 7.00 ± 0.07 s −1 , K m = 2.8 ± 0.1 mM, and K i = 1.44 ± 0.08 mM (Table 1) . For CGA, the noncompetitive model yielded the following kinetic parameters:
, K m = 3.3 ± 0.1 mM, and K i = 8.2 ± 0.4 mM ( Table 1) .
NMR Titration with CHA. To determine the location of inhibitor binding, [ 15 from the 10% trimmed mean: R45, F182, G183, V184, C215, G218, G223, I261, T263, A264, D265, and Q266. In addition, several residues were broadened significantly such that their peak intensity was reduced by >80% of their original value: Q85, G86, I219, and Q262. The broadening of NMR resonances is consistent with millisecond time scale chemical exchange from a weak binding ligand. Overlays for the NMR spectra for the entire protein and residues experiencing significant changes in chemical shift are shown in Supplemental Figures 1A and 2. The chemical shifts for residues experiencing statistically significant perturbations were analyzed as a function of CHA concentration to determine the apparent affinity of CHA for PTP1B. The chemical shifts for residues listed above were fit globally using eq 5 and gave an apparent dissociation constant for CHA (K d = 1.6 ± 0.2 mM) for binding to PTP1B (Supplemental Figure 3) . This value is virtually identical to its kinetically determined K i value. To identify the location of binding, the amide nitrogens for these residues were highlighted on the structure of PTP1B (PDB entry 2HNP) 6 as large colored spheres. These residues are clustered around the active site, specifically the P loop, the WPD loop, and the Q loop (residues 256−264) (Figure 2a, H]PTP1B at concentrations ranging from 0 to 8.3 mM. Several residues exhibited chemical shift perturbations that were two standard deviations or more from the 10% trimmed mean value: E26, V49, I219, M258, G259, L260, and T263 (Figure 3a, left) . Overlays of NMR spectra for the entire protein and individual residues are shown in Supplemental Figures 1B and 4 . Residues with statistically significant chemical shift perturbations were analyzed as a function of CGA concentration to determine the apparent affinity of CGA for PTP1B. When the NMR titration data for these residues were fit globally, a K d of 1.5 ± 0.2 mM for binding of CGA to PTP1B was obtained (Supplemental Figure  5 ). This value is approximately 5-fold tighter than the K i value determined by steady-state kinetic analysis. The amino acid residues with significant CGA binding-induced perturbations are identified as colored spheres on the PTP1B structure (Figure 3a , middle). These residues are clustered around helix 2, the pTyr loop, and the Q loop adjacent to the active site. The distinction of these residues from active-site residues is consistent with the noncompetitive mode of inhibition for CGA determined from steady-state kinetic measurements.
Docking CHA into PTP1B. To gain insight into the binding mode of the competitive inhibitor, CHA was docked into PTP1B (PDB entry 2HNP) 6 using the HADDOCK2.2 web portal. 30, 31 Solvent accessible residues with significant perturbations in chemical shift or broadening were utilized as restraints for HADDOCK docking as described above. The simulations yielded six structural clusters. These clusters with the following HADDOCK scores are as follows: −109.3 ± 2.3 (120 structures, z score of −1.7), −92.6 ± 6.5 (25 structures, z score of −0.9), −74.6 ± 8.9 (12 structures, z score of −0.1), −56.3 ± 9.9 (6 structures, z score of 0.8), −55.7 ± 5.9 (7 structures, z score of 0.8), and −52.4 ± 3.7 (13 structures, z score of 1.0). The first cluster is most statistically relevant given the large number of structures in the cluster and the significantly lower HADDOCK score. The docked conformation used as the initial configuration for MD simulations is shown in Figure 2a (right). This figure highlights that CHA binding is consistent with the observed chemical shift perturbations from the NMR titration because CHA makes contacts with the residues that have the largest chemical shift perturbations or broadening, specifically the P loop, the WPD loop, and the Q loop. This binding pocket is highlighted in a surface view of PTP1B shown in Figure 4a . A close-up view of the active site overlaid with the phosphopeptide-bound structure (PDB entry 1PTT) 7 reveals that one of the central carboxylic acid groups in CHA appears to mimic the substrate's phosphoryl group by binding to catalytic-site residues in the P loop (Figure 4b ). In particular, the CHA carboxylic acid group reproduces the distances between the substrate phosphoryl group and Cys215 (2.81 Å) and also forms similar hydrogen bond contacts with the R221 guanidinium group (Figure 4c ). Additional lowest-energy conformations for CHA are shown in Supplemental Figure 6 . In all cases, CHA adopts a similar orientation and makes contacts with the P loop, the WPD loop, and the Q loop.
CGA Docking into PTP1B. To determine the structure of CGA-bound PTP1B, solvent accessible residues with significant perturbations in chemical shift or broadening were utilized as restraints for HADDOCK docking into PTP1B (PDB entry 2HNP). 6 The simulations yielded seven structural clusters. These clusters with the following HADDOCK scores are as follows: −61.3 ± 2.4 (131 structures, z score of −1.4), −58.8 ± 5.2 (6 structures, z score of −1.2), −48.2 ± 3.5 (11 structures, z score of −0.5), −40.0 (4 structures, z score of 0.2), −33.9 ± 2.6 (20 structures, z score of 0.6), −27.6 ± 4.9 (8 structures, z score of 1.1), and −25.6 ± 2.0 (4 structures, z score of 1.2). The first cluster is most statistically relevant given the large number of structures in the cluster and the more negative HADDOCK score. The four lowest-energy conformations are shown in Figure 5 . Figure 3a (right) highlights that CGA binding is consistent with the observed chemical shift perturbations for the NMR titration, as the residues with the largest changes in chemical shift form the binding pocket. This binding pocket is highlighted in a surface view of PTP1B in Figure 5a . A close-up view of binding and active sites reveals that in three of the four conformations the quinic acid portion of CGA binds in a pocket formed between the pTyr loop and Q loop, and the caffeic portion of CGA interacts with helix 2 (Figure 5b ). This binding site is consistent with the secondary aryl-phosphate binding site in the phosphotyrosine-bound PTP1B crystal structure (PDB entry 1PTY). 38, 39 The overlay in Figure 5b highlights the agreement between CGA-docked poses and the pTyr substrate in the secondary binding site (PDB entry 1PTY). The CGA carboxyl group overlaps well with the position of the substrate phosphoryl group. In one of the four lowest-energy conformations, the quinic acid portion of CGA is rotated in the pocket formed by the pTyr loop and the Q loop, and the caffeic acid moiety interacts with the pTyr loop and not helix 2. Figure 2b (middle) and include H60, A69, K73, V108, N111, K116, T178, V184, C226, G259, I261, and A264 (Δδ between 2σ and 3σ from the mean) and V49, S50, N65, V107, V113, T168, and T263 (Δδ greater than 3σ from the mean). Chemical shift calculations are based only on the protein structure at each frame in the trajectory; thus, the effect of the ligand is included indirectly, and slight differences between calculated and measured residues are expected. The calculations presented here capture the effect of the ligandinduced conformational and dynamical changes quite well, as the residues with significant calculated shift perturbations that are located outside of the active-site regions are also within the second sphere of the active site and form hydrogen bond interactions with residues in the P loop. Therefore, the MD simulations are expected to serve as a relevant model for understanding interactions between CHA and PTP1B.
The CHA binding site predicted by MD simulations remains in agreement with the site identified by the measured chemical shift perturbations upon CHA binding (Figure 2b, right) . The calculated binding site is based on residues possessing heavy atoms within 5.0 Å of CHA for the entire trajectory, including C215, A217, G218, I219, G220, R221, and Q266. Flexibility of CHA within the binding pocket is captured by considering residues interacting with CHA for most of the trajectory frames (e.g., at least 75%), including K120, F182, G183, V184, S216, Q262, T263, and N265. The CHA caffeic moiety bound between the pTyr loop and E115 loop is more flexible than the moiety bound among the P loop, the WPD loop, and the Q loop. This moiety forms hydrogen bonds with D48 in the pTyr loop and is also capable of forming hydrogen bonds with Eloop residues. On the other hand, the CHA carboxylate groups form consistent hydrogen bond interactions with P-loop amides, including A217, I219, G220, and R221. Likewise, the caffeic hydroxyl groups among the P loop, the WPD loop, and the Q loop form consistent hydrogen bonds with residues Q262 and N265 in the Q loop. Additional CHA binding information is shown in Supplemental Figure 7A . Overall, the 30,31 (a) Surface structure of CHA-docked PTP1B. CHA is shown as green sticks. PTP1B loops are highlighted as follows: the P loop (magenta), the WPD loop (cyan), the Q262 loop (orange), the pTyr46 loop (blue), and the E115 loop (rose). (b) Overlay of phosphopeptide-bound PTP1B (PDB entry 1PTT) 7 and the structure obtained from HADDOCK docking CHA into PTP1B (PDB entry 2HNP). 6 The phosphopeptide (pY substrate) is shown as yellow sticks. (c) Orientation of the pY substrate (top) in 1PTT 7 highlighting the distance (in angstroms) between phosphate oxygens and PTP1B S215 and R221. Orientation of CHA in the docked pose (bottom), highlighting the distance (in angstroms) between carboxylate oxygens and PTP1B C215 and R221 atoms.
MD simulations provide evidence that supports CHA as a competitive inhibitor that binds in the catalytic site of PTP1B.
Molecular Dynamics Simulations of CGA-Bound PTP1B. Molecular dynamics simulations were also performed on the CGA-bound PTP1B to provide an atomistic understanding of the allosteric effect of CGA on the catalytic site. Calculated composite chemical shift perturbations are in agreement with measured shifts, with most significant shifts located among helix 2, the pTyr loop, and the Q loop ( Figure  3b ). Residues with significant chemical shift perturbations are shown as spheres in Figure 3b (middle) and include Q21, K41, K58, Q85, H94, M98, V107, T165, T178, E200, I219, G220, and L260 (Δδ between 2σ and 3σ from the mean) and H60, Q61, H214, C215, T224, G259, and I261 (Δδ greater than 3σ from the mean). The residues with significant calculated shift perturbations are more widely distributed than those with significant measured perturbations; however, chemical shift predictions are based only on the protein residues, and the differences may be related to direct ligand effects. Overall, the good overlap between calculated and measured chemical shifts over the full MD trajectory, provides evidence that the simulations will provide insight into the CGA binding interactions and their allosteric inhibition of PTP1B catalysis.
The CGA binding site consistent with the MD simulations is shown in Figure 3b (right). The calculated binding site is based on residues having heavy atoms within 5.0 Å of CGA for most of the trajectory frames, R24 and H25. The CGA caffeic hydroxyl and carboxyl oxygens form consistent hydrogen bonds with residues in helix 2, including Y20, R24, and D29. The MD simulations confirm the flexibility of CGA in the binding pocket, and residues that interact with CGA for at least 65% of trajectory frames include D29, D48, R254, M258, G259, and Q262. (Additional CGA binding information is provided in Supplemental Figure 7B .) The residues in the binding pocket confirm that CGA binds in the PTP1B second aryl-phosphate binding site and therefore acts as an allosteric inhibitor.
Allosteric Effect of CGA on PTP1B Hydrolysis. To determine the allosteric mechanism by which CGA inhibits PTP1B catalysis, further MD simulations were performed to investigate the effect of CGA on the PTP1B phosphoryl− cysteine intermediate. Experimental evidence indicates CGA acts as a noncompetitive inhibitor and does not affect substrate binding. Furthermore, the simplest explanation for the effect of CGA is that it further slows the rate-determining step of the reaction, which is hydrolysis of the phosphoryl−cysteine intermediate. 33 Hydrolysis occurs via a water molecule coordinated by Q262 and D181, and favorable oreintation of these residues has been confirmed in crystal structures that model the hydrolysis transition state (PDB entry 3i80). 33 Comparison of the simulations between the enzyme− phosphoryl intermediate structure and CGA bound to PTP1B at the phosphoryl intermediate stage (Sep215) indicates that the CGA affects hydrogen bonding and coordination of waters within the catalytic site via multiple allosteric networks.
MD simulations reveal that fewer water molecules are present in the PTP1B catalytic site on average when CGA is bound. The number of water molecules in the catalytic site is related to the distance between residues D181 and Q262, as shown in Figure 6 . (Additional information is presented in Supplemental Figure 8 .) In the apo PTP1B simulations, the distance between the Q262 ε-nitrogen and D181 carboxylate oxygen fluctuates around three values (4.9, 6.5, and 8.7 Å), as shown in Figure 6A . CGA does not affect the Q262−D181 Figure 5 . Analysis of CGA-bound PTP1B from HADDOCK docking.
30,31 (a) Surface structure of CGA-docked PTP1B. CGA is shown as dark blue sticks. PTP1B loops are highlighted as follows: the P loop (magenta), the WPD loop (cyan), the Q262 loop (orange), the pTyr46 loop (blue), and the E115 loop (rose). (b) Overlay of phosphotyrosine-bound PTP1B (PDB entry 1PTY) and the structure obtained from HADDOCK docking CGA into PTP1B (PDB entry 2HNP). 6 The phosphotyrosines (pY substrate) from PDB entry 1PTY are shown as yellow sticks. The four lowest-energy conformations for CGA in the largest cluster are shown as sticks (black for the lowest and light blue for the highest). distance distribution at large distances. At Q282−D181 distances of ∼8.7 Å, more water molecules can enter the catalytic site because the Q262 side chain rotates away from D181 to form hydrogen bonds with the G259 backbone carbonyl. CGA can form hydrogen bonds with Q262 when it binds (as shown in Supplemental Figure 7B ), but these interactions occur while Q262 is rotated away from the active site and do not affect the large distance distribution. On the other hand, the average distance between Q262 and D181 decreases by 0.55 Å when CGA is bound. Significant changes to the distribution occur at shorter distances, where compact configurations with Q262−D181 distances of around 4.9 Å are more likely than open configurations with distances around 6.5 Å when CGA is bound. These results indicate that the presence of CGA causes the compact hydrogen bond configurations to become more favorable than open configurations. Figure 6b shows a representative hydrogen bonding configuration within the catalytic site for apo PTP1B. In this structure, the Q262−D181 distance is 6.3 Å and waters within 5.0 Å of the Sep215 residue are shown. The Sep215 phosphate groups coordinate one water molecule directly with each of the D181, Q262, and Q266 residues. These water molecules collectively coordinate one central water molecule, and D181 and Q262 coordinate two additional waters along the periphery of the active site. The hydrogen bond configuration shown in Figure 6c represents the 4.9 Å configuration, which is more probable when CGA is bound. In this configuration, Q262 and Q266 each continue to coordinate one water molecule with the phosphate group; however, the central water is no longer present. Instead, D181 takes the place of the central water by coordinating the waters directly to phosphate oxygen atoms with Q262 and Q266, and D181 no longer coordinates its original mutual water molecule with phosphate groups. Furthermore, the D181 backbone becomes significantly more rigid when CGA is bound (Supplemental Figure 9) , and the average distance between D181 and the phosphate groups decreases by 0.2 Å (Figure 6d) . Overall, these effects indicate stronger hydrogen bonding interactions occur within the catalytic site when CGA is bound. It is expected that these interactions cause the nucleophilic attack of the phosphate group by water to become less favorable and therefore are responsible for hydrolysis inhibition.
Examination of allosteric pathways surrounding the CGA binding site reveals that CGA disrupts key networks connected to the catalytic site. An overview describing the allosteric effect of CGA on the PTP1B catalytic site is provided in Figure 7a (distances are provided in Supplemental Table 1 ). In general, CGA creates disruptions within the hydrophobic pocket comprising its binding site, pushing M258 toward hydrophobic residues in the pTyr loop and P loop. These disruptions break the hydrogen bond network connecting the pTyr loop, P loop, and E loop and strengthen interactions within each loop, which leads to a preference for a compact hydrogen bond network within the catalytic site.
To determine the allosteric pathways that couple the PTP1B catalytic loops, correlations between the numbers of unique hydrogen bonds formed for each residue were considered for each residue pair (Figure 7b ). Large positive correlation coefficients indicate formation of hydrogen bonds is correlated between residues (e.g., when two residues form a mutual hydrogen bond, or when they form hydrogen bonds with a mutual water molecule). Large negative coefficients indicate hydrogen bonding is competitive between two residues (i.e., when one residue forms a hydrogen bond, a hydrogen bond to the other residue breaks). The correlation matrix in Figure 7b highlights several highly positively correlated residue pairs that connect the catalytic-site loops, including Y46 and V49, Y46 and S216, K120 and S216, E115 and R221, V49 and N68, N68 and R257, A217 and R257, G218 and R257, F182 and T263, and G183 and Q266. Of these pairs, CGA binding has the greatest effect on correlations and hydrogen bond distances between Y46 and V49, Y46 and S216, K120 and S216, and E115 and R221. Correlations that connect the CGA bindingsite residues to the Q loop and P loop include Y20 and I261, and I219 and I261; however, these correlations and hydrogen bond distances are not greatly affected by CGA.
Changes to the hydrogen bond network within the catalytic site upon CGA binding are shown in Figure 7c . The average distances between D181 and residues Q262, Q266, and Sep215 become shorter upon CGA binding. Notably, the distance between S216 and R221 nitrogen atoms also decreases. Figure  7c shows that the water molecule typically coordinated between D181 and Sep215 moves away from D181 and becomes coordinated by S216 and R221 as the hydrogen bond configuration becomes more compact. Stabilization of this water molecule away from D181 by S216 and R221 explains how the compact hydrogen bond configuration can become stabilized with respect to the more open configuration typically found during the apo simulations.
The S216 and R221 residues are able to effectively coordinate the water molecule in the active site due to changes in the allosteric network that occur when CGA binds ( Figure  7d ). For instance, the V49 residue becomes much closer to the Y46 residue, which disrupts the connection among the pTyr loop, the P loop, and the E loop and enhances connections within each loop. The disruption creates two key breaks in the hydrogen bond network (K120 and S216, and E115 and R221) that allow S215 and R221 to form more stable hydrogen bonds with the mutual water molecule.
These key disruptions to the hydrogen bond network can be traced back to the CGA ligand. The CGA binding site is located around a hydrophobic pocket formed by M258 (Q loop), V49 (pTyr loop), and A217 and I219 (P loop) residues. When CGA binds, M258 is pushed an average of 0.22 Å closer to these other residues in the hydrophobic network (Figure 7e ). Changes in hydrophobic interactions affect the orientation of V49, which in turn leads to changes in the hydrogen bond network in Figure 7d . In addition, A217 and I219 are hydrogen bonded to the phosphate group via backbone nitrogen atoms. Enhanced interactions with M258 decrease the distance between A217 and the phosphate groups, although there is no change with respect to I219. The shorter A217−phosphate distance is also related to the shorter S216−R221 distances and is likely to contribute to stabilization of the compact hydrogen bond configuration within the catalytic site.
■ DISCUSSION
Given its role in the insulin and leptin signaling pathways, PTP1B remains an active target for the design of inhibitors that function as therapeutic agents for the treatment of type II diabetes and obesity. To date, the design of selective, cellpermeable inhibitors has been rather unsuccessful. To aid future drug design efforts, we have investigated the function of two ligands, CHA and CGA, predicted by molecular dynamics simulations to be allosteric inhibitors of PTP1B. The results of our inhibition assay with pNPP demonstrate clear competitive inhibition of PTP1B with CHA, which is validated by NMR chemical shifts changes in and around the catalytic P loop upon titration with CHA. When we use these shifted residues as restraints for ligand docking simulations, we obtain a ligandbound structure consistent with competitive inhibition of PTP1B by CHA. As shown in Figure 4c , one of the central carboxylic acid functional groups in CHA overlays with the site normally occupied by the phosphoryl moiety in the substratebound structure (PDB entry 1PTT) with nearly perfect alignment. Furthermore, molecular dynamics simulations based on the docked configuration confirm the CHA interacts consistently with residues located in the catalytic site. This supports a mechanism in which CHA inhibits PTP1B function by directly blocking access to the catalytic site. Contrary to the molecular dynamics predictions in previous studies, we observe no significant chemical shift perturbations in the benzfuran binding pocket to support the idea that CHA inhibits PTP1B noncompetitively. 21, 22 Consistent with expectations, CGA was shown to noncompetitively inhibit PTP1B through steady-state inhibition kinetics; however, the location of binding appears to be a binding pocket adjacent to the active site and not at the benzfuran pocket as evidenced by the lack of chemical shift perturbations to residues located in the benzfuran binding site (Figure 5a ). All shifted residues are located in a binding pocket comprised of helix 2, the pTyr loop, and the Q loop adjacent to the active site. Docking simulations including all of the shifted resonances as restraints support a binding mode in which the quinic acid portion of CGA binds in the pocket comprised of the pTyr loop and Q loop; however, variance in the orientation of the caffeic acid moiety of CGA suggests that this portion of the molecule may bind less specifically and adopt multiple conformations when bound. The binding location of CGA, as well as its relative flexibility within the binding site, is confirmed by molecular dynamics simulations. Several of the H bond disruptions, observed by NMR chemical shifts and MD simulations, caused by CGA binding are critical for enzymatic function. In particular, mutation of Y46, E115, and R257, all conserved residues, results in 10 2 −10 3 -fold decreases in enzymatic activity. 39 Curiously, we were not able to replicate the published EC 50 values for inhibition by CHA and CGA. The inhibition kinetic data we measured yielded a K i of 1.4 ± 0.1 mM for CHA and a K i of 8.2 ± 0.4 mM for CGA, contrary to approximate EC 50 values in the range of 10 μM from log-based inhibition concentrations at a single pNPP concentration. 23 Our kinetic values are more consistent with the K d values measured by NMR titration analysis: 1.6 ± 0.2 mM for CHA and 1.5 ± 0.2 mM for CGA. It was discovered through the course of the inhibition assay that CHA and CGA absorb strongly at 405 nm at elevated pH values. It is not clear if the previously published kinetics measured enzyme inhibition using a base quench method frequently utilized for pNPP kinetics. If so, this could explain the discrepancies between the inhibition assay results. For our studies, all ligand solutions were prepared in a buffer identical to that used in the final PTP1B purification step and matched the pH with microliter additions of acid or base. Rather than utilizing a NaOH quench method, reaction rates were measured from the change in absorbance over the linear range in the first 2 min of the reaction. It is not known if the previously published kinetics utilized an organic solvent to dissolve the ligands, which may have also affected the inhibition assay. That work also used a PTP1B construct containing an additional 21-residue disordered C-terminal tail, whereas we used the shorter construct in our work.
Overall, the changes in hydrogen bonding within the catalytic site induced by CGA binding are expected to affect the mechanism for hydrolysis. Previous studies indicate that Q262 flexibility is required to obtain the correct orientation of Q262, D181, water, and phosphate groups within the catalytic site to allow for nucleophilic attack on the phosphate group by a water molecule. 40 While CGA binding does not appear to have a large effect on Q262 flexibility, our results do indeed point to the importance of the Q262−D181−water orientation in activating hydrolysis. CGA binding disrupts the hydrophobic residues within the secondary aryl-phosphate binding site, which in turn causes disturbances in hydrogen bonds connecting the pTyr and E loops to the P loop. These changes stabilize a more compact hydrogen bond configuration within the catalytic site, causing hydrolysis to become less favorable. It is important to note that this mechanism of allosteric regulation for PTP1B is distinct from the mechanism utilized by the benzfuran analogues that bind distal to the active site, which function by modulating the conformation in the WPD loop. In this respect, future work toward designing effective allosteric PTP1B inhibition may focus on investigating how the orientation of water molecules and surrounding residues in the catalytic site can facilitate or inhibit hydrolysis. 
